Deep sequencing was used to bring high resolution to the human cytomegalovirus (HCMV) transcriptome at the stage when infectious virion production is under way, and major findings were confirmed by extensive experimentation using conventional techniques. The majority (65.1%) of polyadenylated viral RNA transcription is committed to producing four noncoding transcripts (RNA2.7, RNA1.2, RNA4.9, and RNA5.0) that do not substantially overlap designated protein-coding regions. Additional noncoding RNAs that are transcribed antisense to protein-coding regions map throughout the genome and account for 8.7% of transcription from these regions. RNA splicing is more common than recognized previously, which was evidenced by the identification of 229 potential donor and 132 acceptor sites, and it affects 58 proteincoding genes. The great majority (94) of 96 splice junctions most abundantly represented in the deep-sequencing data was confirmed by RT-PCR or RACE or supported by involvement in alternative splicing. Alternative splicing is frequent and particularly evident in four genes (RL8A, UL74A, UL124, and UL150A) that are transcribed by splicing from any one of many upstream exons. The analysis also resulted in the annotation of four previously unrecognized protein-coding regions (RL8A, RL9A, UL150A, and US33A), and expression of the UL150A protein was shown in the context of HCMV infection. The overall conclusion, that HCMV transcription is complex and multifaceted, has implications for the potential sophistication of virus functionality during infection. The study also illustrates the key contribution that deep sequencing can make to the genomics of nuclear DNA viruses.
Deep sequencing was used to bring high resolution to the human cytomegalovirus (HCMV) transcriptome at the stage when infectious virion production is under way, and major findings were confirmed by extensive experimentation using conventional techniques. The majority (65.1%) of polyadenylated viral RNA transcription is committed to producing four noncoding transcripts (RNA2.7, RNA1.2, RNA4.9, and RNA5.0) that do not substantially overlap designated protein-coding regions. Additional noncoding RNAs that are transcribed antisense to protein-coding regions map throughout the genome and account for 8.7% of transcription from these regions. RNA splicing is more common than recognized previously, which was evidenced by the identification of 229 potential donor and 132 acceptor sites, and it affects 58 proteincoding genes. The great majority (94) of 96 splice junctions most abundantly represented in the deep-sequencing data was confirmed by RT-PCR or RACE or supported by involvement in alternative splicing. Alternative splicing is frequent and particularly evident in four genes (RL8A, UL74A, UL124, and UL150A) that are transcribed by splicing from any one of many upstream exons. The analysis also resulted in the annotation of four previously unrecognized protein-coding regions (RL8A, RL9A, UL150A, and US33A), and expression of the UL150A protein was shown in the context of HCMV infection. The overall conclusion, that HCMV transcription is complex and multifaceted, has implications for the potential sophistication of virus functionality during infection. The study also illustrates the key contribution that deep sequencing can make to the genomics of nuclear DNA viruses.
T he genetic repertoire of human cytomegalovirus (HCMV; species Human herpesvirus 5) is incompletely understood. Most bioinformatic investigations have focused on identifying open reading frames (ORFs) that are conserved in other organisms or that exhibit pattern-based similarities (e.g., in nucleotide or codon bias) to recognized protein-coding regions (CRs) (1) . Our current map of the wild-type HCMV genome, based on strain Merlin, contains 166 protein-coding genes (2) (3) (4) (5) . It is entirely possible that additional, small protein-coding genes will be found. Candidates involve ORFs that overlap recognized CRs and for which there is some evidence for expression (6) , ORFs highlighted in pattern-based bioinformatic (7) or proteomic analyses (8) , and ORFs whose expression is presently unsuspected.
Recognition of many protein-coding genes has been supplemented by information on protein expression and function. However, HCMV also specifies polyadenylated (polyA) transcripts that, because they lack sizeable, conserved ORFs, appear unlikely to function via translation. One class consists of noncoding, nonoverlapping transcripts (NNTs) that do not substantially overlap the designated CRs of other genes. These include an abundant 2.7-kb RNA (β2.7 or RNA2.7) (9), a 1.1-kb spliced RNA and associated 5-kb stable intron (RNA5.0) (10, 11) , and a 1.2-kb RNA (RNA1.2) (12). RNA2.7 functions in inhibiting apoptosis (13) , the RNA5.0 homolog in murine cytomegalovirus is involved in virulence (14) , and the role of RNA1.2 is unknown. Antisense transcripts (ASTs) form a second class of noncoding RNA, and are transcribed antisense to CRs (15, 16) . In addition, HCMV specifies several small, nonpolyA RNAs that may have regulatory roles, including microRNAs (miRNAs) (17) processed from longer transcripts and RNAs associated with the origin of DNA replication (18) .
To extend the understanding of HCMV genome expression, we used deep sequencing to study viral transcription in human fibroblasts. The focus was on identifying previously unrecognized protein-coding or noncoding polyA RNAs, and on determining the extent of RNA splicing.
Results
Transcription Profiles. Whole-cell RNA was isolated from human fibroblasts infected with HCMV strain Merlin at 72 h after infection, when infectious virion production was under way. An Illumina DNA sequence dataset (DS) was generated from each of two RNA preparations: a nondirectional DS (NDS; 24,439,691 reads) and a directional DS (DDS; 32,514,724 reads). Transcript orientation could be inferred from the DDS but not the NDS.
The DSs were assembled against the 236-kbp HCMV genome, which has the structure ab-U L -b′a′c′-U S -ca, where U L and U S are unique regions flanked by inverted repeats (ab/b′a′ and a′c′/ ca). Similar percentages (42.24 and 43.03, respectively) of NDS and DDS reads originated from HCMV. The light yellow windows in Fig. 1 depict transcription profiles, calculated from read densities across the genome. In the lower windows, the NDS profile (gray) on a linear scale demonstrates that some regions are transcribed abundantly (a few off-scale), whereas others are expressed at very low levels. The NDS profile (black) on a logarithmic scale makes it clear that almost every region in the genome is transcribed at some level. As anticipated, the DDS profile (green) for rightward and leftward transcripts combined on a logarithmic scale is similar to that for the NDS (black). The plots in the upper windows show the DDS profiles for rightward (magenta) and leftward (cyan) transcripts separately, on a logarithmic scale, and demonstrate that ASTs are produced from many regions. Further features of Fig. 1 are expanded on below.
Previously Unrecognized Transcripts. Selected transcribed regions that apparently lack CRs were investigated by using RACE (Fig.  S1 and Table S1 ) and Northern blotting (NB) (Fig. S2) . These experiments led to the annotation of one previously unrecognized CR (US33A), further characterization of a recently proposed CR (UL30A) (4), mapping of an NNT (RNA4.9), and investigation of ASTs. US33A, UL30A and RNA4.9 are included in Fig. 1 and Fig. S3 . The size of the US33A transcript (1.3 kb) ( Fig. S2) is consistent with the locations of the 5′ and 3′ ends (Table S1 and Fig. S3 ). A US34A probe also detected this RNA, plus major 0.9-and minor 0.4-kb transcripts (Fig. S2 ), suggesting that US34 and US34A are 3′-coterminal with US33A. US33A is conserved in chimpanzee cytomegalovirus (CCMV), which is the closest relative of HCMV (19) (Fig. S4) .
UL30A is related to the adjacent gene UL30, conserved among primate cytomegaloviruses, and potentially expressed from a nonconventional initiation codon (ACG) (4) . The location of the 3′ end in the middle of UL30 (Table S1 and Fig. S3 ) is consistent with the major 0.55-kb transcript (Fig. S2 ). Minor RNAs of 5.7 and 3.5 kb were also apparent, the latter perhaps representing a UL32 transcript that is 3′-coterminal with UL30A and antisense to UL31.
The 5′ and 3′ ends of RNA4.9 (Table S1 and Fig. S3 ) accord with the transcript size of 4.9 kb (Fig. S2 ). The location of the 3′ end of a major RNA apparently mapped from partial transcripts is the same as that of this NNT (15, 20, 21) . The majority (65.1%) of viral polyA RNA transcription is committed to production of NNTs, with 46.8, 7.9, 10.1, and 0.3% of appropriately oriented DDS reads representing RNA2.7, RNA1.2, RNA4.9, and RNA5.0, respectively. The RNA2.7, RNA1.2, RNA4.9, and RNA5.0 populations comprise 65.7, 26.9, 7.2, and 0.2% of NNT molecules, respectively. These statistics prompt the startling observation that only about one-third of viral polyA RNA transcription is protein-coding. The most abundant mRNA is that of UL22A, which encodes an immunoregulatory RANTES (regulated upon activation, normal T cell expressed and secreted) decoy receptor (22) and accounts for 1.7% of appropriately oriented DDS reads, equivalent to 14% of NNT molecules.
Extensive overlap of protein-coding RNAs specified by opposing strands of the HCMV genome is uncommon. Examples examined include the 3′ ends of UL48A and UL53, which are located well inside UL48 and UL54, respectively (Table S1 and Fig. S3 ). In contrast, ASTs are apparent in most regions (Fig. 1) . Overall, they account for 8.7% of transcription from CRs and are thus generally expressed at lower levels than their sense counterparts, although there are exceptions (e.g., UL29). RACE data indicate that one AST (UL115as) initiates at a specific location, and that several terminate downstream from polyA signals, with instances of a tail-to-tail arrangement in relation to other transcripts (Table S1 ). Examples (followed by the sense gene and the distance between polyA signals on the two strands) are UL16as (putative UL15A, 35 b), UL30as (UL30A, 36 b), UL121as (UL122, overlapping), UL145as (not arranged tail-to-tail), UL142as (UL141, 193 and 245 b), UL139as (UL138, 28 b), and IRS1as (UL150A, 1219 b).
Characterization of Splicing Patterns. The primary DS used for splicing analysis was the NDS, rather than the DDS, because fewer biochemical manipulations were involved in its generation. Custom software, capable of coping with genomes that have a high transcript density, was developed to identify reads containing potential splice junctions, from which donor and acceptor sites were proposed. These sites were required to be located adjacent to the canonical GT or AG dinucleotides, respectively, for the following reasons. Processing of RNA samples for deep sequencing involved reverse transcription, during which template switching may occur. This process involves transfer of an elongating cDNA molecule from one template RNA molecule to another, by repriming from a short sequence repeated in both templates (23) . Template switching has been acknowledged to generate artifactual junctions in experimental studies (24) . Also, the vast majority (∼99%) of eukaryotic splice sites comply with the GT/AG rule (25) , all previously recognized HCMV sites (described below) comply, and only a single noncompliant HCMV site was identified in ancillary searches (see below).
Exerting the GT/AG rule resulted in the identification of 264 potential donor and 178 acceptor sites.
The number of NDS reads supporting every possible junction between these sites (regardless of order and orientation in the genome, a total of 46,992 combinations) was determined. A heuristic approach was taken to exclude junctions that most probably arose from template switching and happened to comply with the GT/AG rule. Excluded junctions were required to have at least two properties consistent with template switching: originating from highly transcribed regions (especially RNA2.7), supported by low read numbers, not involved in alternative splicing (a site that is alternatively spliced is much less likely to have been identified as a result of template switching than one that is not), characterized by repeats at the cognate genome locations, and not matching the wider consensuses for splice site sequences (25) . This analysis led to the identification of 389 junctions supported by one or more reads, generated from 229 potential donor and 132 acceptor sites. Dataset S1 provides full information on these sites, and Fig. 1 shows the locations of the subset of sites supported by >10 reads. A total of 63 donor sites is located in CRs, 115 in ASTs, and 51 between CRs or in regions encoding NNTs. The corresponding numbers for the acceptor sites are 69, 31, and 32, respectively. Overall, 58 CRs contain one or more splice sites on the appropriate strand. The notation (e.g., D+27528) used below to denote a splice site is D (donor) or A (acceptor), + (rightward) or -(leftward), and the nucleotide location of the exon end. A solidus (/) indicates alternative sites, and a caret (^) indicates a junction.
To confirm splice junctions identified from the NDS analysis, a large number (96) was tested by RT-PCR and sequencing (Fig.  S1 ). These were represented by 16-131,826 reads (Table S2 and Dataset S1), a range that extends over nearly four orders of magnitude. A total of 89 junctions was confirmed, as indicated by the colored borders of the cells in Dataset S1. For controls, two junctions classed as having arisen from template switching were tested and found negative (Table S2) . RACE experiments carried out to map RNA ends (see below) incidentally confirmed many junctions, including two of the seven not detected by RT-PCR (Dataset S1). Moreover, three of the five not detected by RT-PCR or RACE involved alternatively spliced sites that were unlikely to have been identified as a result of template switching. This left 2 of the 96 tested junctions (D+3005^A+3122 and D+ 97900^A+97993) unsupported by RT-PCR and RACE and not involved in alternative splicing. Overall, only 26 pairs of sites identified by the NDS analysis were neither involved in alternative splicing nor tested by RT-PCR or RACE. From these considerations, it seems likely that the inferred splicing patterns are a close representation of reality.
Ancillary searches aimed at detecting sites that do not conform to the GT/AG rule but are alternatively spliced to conforming sites yielded a single example. This was D+192592 (as D+192592^A+ 193169/A+193172), in which the GT dinucleotide is substituted by GC, which is the most common noncanonical donor site (25) .
Splice sites identified from the DDS accorded generally with those identified from the NDS, although there was variation in supporting read numbers (Dataset S1). Also, each DS yielded a unique set of sites represented by low read numbers (usually 1). These differences may have been due to the precise stage at which RNA was harvested, the conditions used for sample processing, and stochastic effects occurring during reverse transcription of rare RNAs.
Previously Reported Splicing Patterns. Studies on various HCMV strains have identified splice sites that are crucial for full-length protein expression. They are located in UL22A (10), UL29 (5), UL33 (26), UL36 (27), UL37 (27), UL89 (10), UL111A (28), UL112 (29), UL119 (10), UL122 (30), UL123 (31, 32), UL128 (33), and UL131A (33). All were confirmed in the present study. Moreover, many reported sites that are not crucial were also confirmed. Examples are those within UL112 (29), US3 (34), and UL122 (30, 35) , and those linking UL122 and UL119 (10). The sites in RNA5.0 (10) were also identified. However, other reported sites were not detected. Examples are those within RNA2.7 (10), UL37 (36), and UL123 (IE19 and IE17.5) (37, 38) , and most instances in the UL115-UL119 region (39) . Lack of detection of these sites does not imply that the original identifications were erroneous, as they may have been expressed at very low levels or at other stages of the replication cycle, or they may not be conserved in strain Merlin.
Previously Unrecognized Splicing Patterns. The NDS analysis detected splice sites sensitively, but was not capable of determining the extent of exons or the ends of RNAs. These features were investigated in selected transcripts by using RACE (Fig. S1 and Table S1 ) and NB (Fig. S2) , which are less sensitive and identified major species only. Key findings are summarized in Fig. 1 and Fig. S3 .
Splicing in two genes (UL8 and US27) was revealed, using sites that are conserved in CCMV. These sites had been predicted previously, but experimental confirmation was unsuccessful (10). UL7 and UL8 are members of the RL11 gene family (Fig. 1) , and encode predicted membrane glycoproteins (40) . An intron (D+16449^A+16552) links UL7 and UL8, thus 5′-extending the original UL8, with UL7 being expressed from the unspliced RNA ( Fig. 1 and Dataset S1). The expression ratio (ER) of spliced to total RNA for UL8 was 0.57, the remainder presumably constituting the unspliced UL7 transcript. US27 is a member of the GPCR (G protein-coupled receptor) gene family (Fig. 1 ). An intron (D+224024^A+224100) is apparent in the 5′ leader (ER = 0.85) (Fig. S3 and Dataset S1). RACE and NB experiments confirmed that the US27 and US28 transcripts (2.7-and 1.3-kb, respectively) are 3′-coterminal (Table S1 and Fig. S2 ).
Five acceptor sites are notable in being spliced from one or another of a large number of upstream exons: A-8196 (25 exons), A+108854 (46 exons), A+135253 (22 exons), A+174081 (9 exons), and a pair at A+193169/A+193172 (11 exons) (Dataset S1). Excepting one of the pair, these superacceptor sites (SASs) are conserved in CCMV, and each is located upstream from a potential CR (RL8A, UL74A, UL92, UL124, and UL150A, respectively) (Fig. S3) . The observation that RL8A, UL92, UL124, and UL150A contain a potential ATG initiation codon suggests that upstream exons may form untranslated leaders, although this does not rule out the possibility that some may 5′-extend the CR. In contrast, UL74A lacks an initiation codon, and must be supplied with one by at least one upstream exon. Because SASs form an unusual class of acceptor site, four of the five examples were investigated in further detail.
The partial transcript arrangement in the vicinity of the SAS at A-8196 has been deduced previously (12, 40, 41) , and was extended to include transcripts from previously unrecognized genes RL8A, which is downstream from the SAS, and RL9A ( Fig. 1 and  Fig. S3 ). Both predicted proteins contain potential transmembrane regions and are conserved in CCMV (Fig. S4) . In RACE experiments, four 5′ ends of upstream exons spliced to RL8A were identified, and two 5′ ends for RL9A, which is not spliced, were mapped (Table S1 and Figs. S1 and S3). Both genes share a 3′ end with RNA1.2 at 6755. They appear to be expressed at low levels, as transcripts of the sizes inferred from RACE were not detected by NB. The 4.2-kb transcript detected using an RL8A probe (Fig. S2) is too large and of unknown provenance, and no RL9A transcripts were detected.
The UL74A CR is preceded by the SAS at A+108854, conserved among β-herpesviruses, and encodes a predicted membrane glycoprotein (3) . Four 5′ ends of upstream exons were identified by RACE, and the 3′ end mapped to 109088 (Table S1 and Figs. S1 and S3). These locations are consistent with the major 0.8-kb transcript (UL73; ER = 0.96) and heterogeneous 0.45-kb transcripts (UL74A; ER = 0.28) detected by NB (Fig.  S2) . The origin of the minor 1.5-kb RNA is unknown. Some of the features of UL74A in strain Merlin are equivalent to those for the corresponding exon (UL73.5) in strain AD169 (3). In particular, UL74A acquires an initiation codon from the upstream exon spliced at D+108155 (Fig. 1 and Fig. S3) . It is not known whether initiation codons are also supplied by other upstream exons, thus generating UL74A proteins with heterogeneous N termini. Many of the upstream exons, and others downstream from UL74A, are alternatively spliced to the SAS at A+135253, which is upstream from a recognized ORF, UL92 (Dataset S1). This SAS was not characterized further.
A single 5′ end of an upstream exon spliced to the SAS at A+174081, which precedes UL124, was identified, and the 3′ end mapped to 174649 (Table S1 and Figs. S1 and S3). UL124 is conserved in CCMV and encodes a predicted membrane glycoprotein (19) . The major 0.7-kb transcript detected by NB is consistent with these locations (Fig. S2) . A minor 5.5-kb transcript of unknown provenance was also apparent.
Four 5′ ends of upstream exons spliced to the SASs at A+193169/A+193172 were identified by RACE, and the 3′ end mapped to 194348 (Table S1 and Figs. S1 and S3). The two protein-coding exons of previously unrecognized gene UL150A (ER = 0.97), separated by an intron (D+193542^A+193654), are located downstream from the SASs (Fig. 1 and Fig. S3 ). The splice sites between the protein-coding exons are conserved in CCMV, as is the encoded protein (Fig. S4) . The intervening intron specifies one of the HCMV miRNAs (miR-UL148D) (17) . Sizes at the lower end of the heterogeneous transcripts (1.2-1.6 kb) detected by NB are consistent with the RACE data (Fig. S2) . The UL150A CR is unusual in that it is entirely antisense to a larger, unspliced CR (UL150; 7.5-kb RNA) ( Fig. 1 and Figs. S2 and S3), which is also conserved in CCMV (19) . In the region of overlap, the amino acid sequence of UL150A is better conserved (47% identical) than that of UL150 (40%), and codon bias is marginally more favorable (0.94 and 0.93, respectively, using the UL54, UL82, and UL86 CRs for calibration). The prediction of UL150A as a CR was tested by expressing V5-tagged UL150A proteins in the context of HCMV infection. A doublet at ∼34 kDa and a minor species at 50 kDa were detected at 1, 3, and 6 d after infection (Fig. 2) . The predicted mass of the tagged primary translation product is 31 kDa. The detection of more than one protein might reflect protein processing or splicing from upstream exons that 5′-extend the CR.
The NDS analysis also yielded evidence for long-range splicing, some of which was supported by RACE data, for example, between US9 and the RL8A SAS (D-204854^A-8196) (Dataset S1). Moreover, splicing was detected between exons that are located out of order in, or on different strands of, the genome. For example, some of the exons spliced to the RL8A or UL150A SASs were alternatively spliced to the UL74A SAS (Dataset S1). These junctions may have resulted from long-range transcription of concatemeric genomes, in which U L and U S are present in either orientation.
Discussion
A number of technical limitations apply to the deep-sequencing approach used. Certain spliced polyA RNAs would not have been detected: those containing very short exons, and those not originating via alternative splicing and either consisting of exons mapping <50 b or >32 kb apart in the genome or using noncanonical splicing. Moreover, the data did not reliably facilitate the characterization of intact transcripts, including the locations of 5′ and 3′ ends. Points of interest in this regard were tested by RT-PCR, RACE, and NB. Also, nonpolyA transcripts (including miRNAs) would not have been represented. The information arising from the study is as follows. Transcripts encoded by four previously unrecognized genes (RL8A, RL9A, UL150A, and US33A) were mapped, and the UL150A CR, which completely overlaps that of UL150, was shown to be expressed as protein during virus infection. The number of NNTs was expanded to four (RNA2.7, RNA1.2, RNA4.9, and RNA5.0). ASTs were detected throughout the genome, some having discrete 5′ and 3′ ends and some mapping tail-to-tail with other RNAs. Splicing is more common than recognized previously, and there is evidence for long-range transcription. UL8 and UL150A were added to the genes comprising multiple coding exons. Alternative splicing is frequent, with four genes (RL8A, UL74A, UL124, and UL150A) and perhaps one other (UL92) expressed via SASs.
These findings demonstrate that HCMV transcription is more complex and multifaceted than recognized previously, with more CRs, splicing, NNTs, and ASTs having become apparent. This has implications for the potential sophistication of HCMV functionality during infection. Approximately one-third (58/170) of HCMV CRs contain splice sites, and the extent to which this affects viral protein-coding capacity is now a question of great interest. Some spliced RNAs are clearly crucial for expression of full-length proteins, and others that are not so obviously in this category may nonetheless have important roles. However, other spliced RNAs may be nonfunctional, representing transcripts that undergo a degree of splicing merely because their synthesis happens to traverse splice sites. This may apply to spliced RNAs that are very rare in comparison with their unspliced counterparts (e.g., ER = 0.003 for D-181199^A-181096 in UL146). Members of one class of noncoding RNAs, NNTs, are encoded by dedicated regions of the genome and likely to have important roles, and more examples probably await discovery. A second class of noncoding RNAs, ASTs, has its historical origins in antiparallel (symmetric) transcripts, which were first reported several decades ago in herpes simplex virus (42) . The most extensive study of HCMV to date (15) used cDNA cloning of strain AD169 transcripts to detect ASTs in 34 of the CRs annotated in strain Merlin, and three (UL24as, UL36as, and UL102as) were characterized further by NB. The DDS analysis indicates that ASTs are associated with most CRs (Fig. 1) , and that complex splicing is evident in some (e.g., the UL114-UL121 region, which contains UL115as) (Table S1 and Figs. S1 and S3). The functions of ASTs are unknown, and it is possible that some ASTs result from transcriptional profligacy and have none. However, the observation that the 3′ ends of some ASTs appear to have been under evolutionary constraint in relation to neighboring genes implies that they may be important. If so, roles can only be guessed at this stage, with one obvious possibility being to regulate sense strand expression. Some ASTs may exert their effects via cleavage into miRNAs (which represent another layer of genomic complexity) or translation into short oligopeptides (43) . However, in these models only a very minor proportion of AST content would be functional, leaving the role of the major proportion in question. One practical outcome of HCMV transcript complexity is that studies using mutants should be conducted with a heightened degree of circumspection.
Deep sequencing represents a stage in HCMV genomics that complements and extends previous approaches, such as microarray-based analyses (44) . We have demonstrated the capability of this approach to provide high-resolution information on HCMV transcription and splicing. It can be extended readily to studies of HCMV transcription in other strains and cell types, expression kinetics during lytic and latent infections, comparative properties of protein-coding and noncoding RNAs, and transcription in vivo. It can also be applied to the genomics of other nuclear DNA viruses. Deep Sequencing. Data were generated by using an Illumina Genome Analyzer IIx in The Sir Henry Wellcome Functional Genomics Facility (University of Glasgow). For the NDS, an Illumina mRNA-Seq prep kit was used: polyA RNA was selected from 1 μg of the 2005 RNA preparation, fragmented, and subjected to first-and second-strand cDNA synthesis by using random primers. The DNA was then end-repaired, 3′-adenylated, ligated to adapters, PCR-amplified, and size-selected (mode = 245 bp). For the DDS, Illumina mRNA-Seq prep and small RNA sample prep kits were used: polyA RNA was selected from 2 μg of one of the 2010 RNA preparations, fragmented, phosphatased, phosphorylated, ligated to RNA adapters, subjected to firststrand cDNA synthesis and PCR-amplified by using adapter-specific primers, and size-selected (mode = 188 bp).
Transcription Levels. Unaligned, 76-b reads with associated phred quality scores were generated by using SCS v2.6 or v2.8, RTA v1.12, and CASAVA v1.7 (Illumina), and stored in fastq files. The NDS and DDS were then assembled against a reference sequence by using Maq v0.7.1 under default alignment settings (46) . The assembly was visualized by using Tablet v1.10.05.21 (47) . The reference consisted of the strain Merlin genome sequence (GenBank accession no. AY446894.2) (2) or a truncated version lacking all but 50 b of the terminal repeats (ab and ca). DDS reads were also separated into DSs representing rightward and leftward transcripts and assembled independently. Transcription profiles were calculated from the number of reads commencing in 10-b windows and summing these over 100-b windows (10-b increment for each).
Splice Site Detection. A primary DS (NDS or DDS) was processed to gather reads containing potential splice junctions by the following steps. The rationale was that at least 21 b of the 5′ and 3′ parts of a junction-containing read must match two regions at least 50 b apart in the HCMV genome. Perl scripts are available from the authors.
i) Duplicate reads were removed, and a regular expression (regexp) search was conducted for reads that contain exact matches between the 21 b at the 5′ and 3′ ends (positions 1-21 and 56-76) and two different regions in the reference, and that meet the following criteria: (i) matches on the same strand of the reference, (ii) order of matching sequences in the read preserved in the reference, and (iii) matching sequences separated in the reference by 50 b to 32 kb. ii) Each read was divided into two after position 21, and a regexp search was conducted for exact matches of the entire 5′ and 3′ parts to the reference. If criteria i-iii were met and the intervening genome sequence began with GT and ended with AG, a pair of 100 b exon-end sequences was generated. This procedure was repeated iteratively until position 55 was reached, to ensure that sequence redundancy at exonends did not result in failure to identify precise locations. Two sets of exon-end sequences were generated from the reads, one corresponding to donor sites and the other to acceptor sites. iii)
Step ii was repeated for the reverse complement of the reference, and the sets of exon-end sequences were combined with those sets from step ii. iv) To avoid problems associated with lower-quality data toward the 3′ ends of reads, they were trimmed to 60 and 50 b and steps i-iii were repeated with appropriate modifications. The sets of exon-end sequences were combined with those from step iii, and duplicates were removed. v) The exon-end sequences from step iv were joined to give a set of 200-b junctions comprising every donor site joined to every acceptor site in pairwise combinations. The central 20 b was extracted from each, and a sub-DS of reads specific to that sequence was generated by screening the primary DS for exact matches. Each DS was then assembled against the cognate 200-b sequence by using Maq. Thus, reads supporting each junction were required to match the reference exactly in the 20-b sequence (i.e., 10 b from each exon) and substantially in the flanking regions (<3 b mismatch in 56 b).
ERs for selected spliced RNAs were calculated as described in step v, by extracting 20-b sequences (10 b each side of the spliced exon-exon junction or unspliced exon-intron junctions) from the DDS, generating read sub-DSs, assembling them against the cognate spliced or unspliced 200-b sequence, and counting the numbers of appropriately oriented reads. Complete splicing would yield an ER of 1.
RNA Mapping. RT-PCR, RACE, and NB were conducted using the 2010 RNA preparations. Titanium One-Step RT-PCR and SMARTer RACE Kits (Clontech) were used with primers listed in Tables S2 and S3 , and products were sequenced directly or from plasmid clones. For NB, RNA was transferred from 1% formaldehyde-agarose gels to membranes, and hybridized with biotin-labeled, single-stranded RNA probes produced from plasmids (checked by sequencing) using a DIG Northern Starter Kit (Roche) and primers listed in Table S4 .
Tagged Protein Expression. Published methods (45) were used to introduce a V5 epitope tag (checked by sequencing) at the C terminus of the UL150A protein by modifying bacterial artificial chromosome pAL1111, which contains the strain Merlin genome, and generating a recombinant virus (Table  S5) . HFFFs were mock-infected or infected at 5 pfu per cell and incubated in FCS-free DMEM for 1 or 2 d, or in DMEM containing 10% FCS for 3 d and then FCS-free DMEM for 3 d. Cell extracts were electrophoresed in 10% SDS/ polyacrylamide gels, transferred to membranes, probed with a V5-Tag mouse monoclonal antibody (MCA1360; AbD Serotec), and reprobed with horseradish peroxidase-conjugated goat anti-mouse IgG (170-6516; BioRad). Signal was detected by using SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific).
